Psychophysiological responses to disgusting and pleasant smells are one of the most important aspects of olfaction. These emotional signals can constitute an alert against toxic substances, and they may play a major role in food selection and nutritional intake. The aim of this study was to test this hypothesis by examining whether individual physiological responses to odors could predict the subject's nutritional status. Because aging is associated with changes in emotional response to smells, we also examined how aging affects the relationship between olfaction and nutrition. Twenty young and 20 old participants perceived a series of odorants while their psychophysiological responses were simultaneously measured, and completed the Mini-Nutritional Assessment (MNA) questionnaire. Regression between individual correlation coefficients (r-values between odor perceptual ratings and physiological parameters) and individual MNA scores revealed that appropriateness of the physiological responses to aversive odors predicted nutritional status (R 2 = 0.22, P < 0.007): participants with higher electromyogram corrugator activity in response to aversive smells had better nutritional status. Furthermore, this relationship was significant in old (R 2 = 0.45, P < 0.005) but not young participants (R 2 = 0.04, P > 0.44). Taken together, preserved functioning of somatic markers in response to odors during normal aging is associated with better nutritional status, and may facilitate healthier food selection.
Introduction
The sense of smell is a sensory system devoted to detection and recognition of odorant molecules from environmental objects, including food. Two main functions of olfaction (Stevenson 2010) are relevant in this context. Firstly, olfaction constitutes a warning system for toxic and disgusting substances in the environment. For example, the olfactory system contributes to detection of spoiled food and enables avoidance of dangerous substances. Secondly, olfaction plays a major role in food pleasure. The positive hedonic value evoked by a particular food odor is a good illustration of how olfaction can facilitate food selection, intake, and appreciation. The relationship between olfactory perception and food intake is particularly relevant in certain disorders. For example, olfactory dysfunction can be associated with a decrease of pleasure while eating, subsequently reduced appetite and loss of weight in patients with nasal polyposis and asthma (Nordin et al. 2011) , or on the contrary with increased intake of some food or tasty ingredients [see review by (Croy et al. 2014) ] in patients with olfactory dysfunction. In the same line, eating disorders such as anorexia have been shown to be associated with impaired olfactory function (Aschenbrenner et al. 2008) .
Aversive and appetitive reactions to odors appear on verbal, motor, and peripheral nervous system levels, and very often on all together. As is the case with other emotional stimuli, smells influence peripheral nervous system activity. Specific patterns of peripheral nervous system activity according to odor pleasantness were reported (AlaouiIsmaïli, Robin, et al. 1997; Robin et al. 1998 Robin et al. , 1999 Vernet-Maury et al. 1999) . Likewise, it has been shown that strongly arousing odors increased skin conductance compared with weakly arousing odors, and that unpleasant odors increased cardiac frequency and facial corrugator electromyographic (EMG) activity compared with pleasant odors (Bensafi et al., 2002a (Bensafi et al., , 2002b . Skin conductance variations were also found to be modulated by odor quality (Møller and Dijksterhuis 2003) and pleasantness (Brauchli et al. 1995) . Skin temperature is modulated by odor type as well: Bensafi et al. (2004) showed that high concentrations of a body odor (androstadienone) increased positive mood and decreased negative mood in women versus men, and this was associated with an increase in skin conductance and a decrease in skin temperature. Finally, respiration and sniffing are modulated by the subjective pleasantness of an odor: sniff duration and volume increased when pleasant compared to unpleasant odors are sampled (Frank et al. 2003; Johnson et al. 2006; Rouby et al. 2009 ).
Taken together, previous findings suggest that unpleasant and pleasant odors have distinct effects on peripheral nervous system activity. A likely function of these psychophysiological responses may be to provide salient signals to avoid decayed foods and approach appetitive foods: thus, these responses may play a major role in food selection and nutritional intake. The aim of this study was to test this hypothesis by investigating whether individual physiological responses to odors predict nutritional status. Furthermore, because aging is associated with changes in sensory, affective, and cognitive responses to smells (Schiffman et al. 1976; Doty et al. 1984; Joussain et al. 2013) , we also wanted to test the hypothesis that aging affects this relationship between physiological responses to emotional odors and nutritional state. To this end, we tested 2 groups of participants-young and old adults-and asked them to fill out a nutrition questionnaire and to rate a set of aversive/disgusting and appetitive odorants on 4 properties (pleasantness, intensity, edibility, and familiarity) while their physiological responses were simultaneously measured.
Material and methods

Participants
Twenty young (10 female, 10 male; mean age = 23.7 ± 3.1 years) and 20 older participants (10 female, 10 male; mean age = 58.2 ± 5.6 years) were tested; the terms "young" and "old" are used in this relative sense throughout the manuscript. The study was conducted according to the Declaration of Helsinki and was approved by the McGill institutional review board. Exclusion criteria were: self-declared abnormal olfaction, history of neurological disease or injury, and history of nasal insult (broken nose or surgery). Participants were tested seated in a well-ventilated air-conditioned room.
Odorants
The following 18 odorants were used (odorant code and volume/ volume percentage dilution are given in brackets): Allyl Caproate (ALC; 0.55%), Amyl PhenylAcetate (APA; 59.13%), Benzaldehyde (BENZ; 0.15%), Butanol (BUT; 0.04%), Citral (CIT; 1.65%), Citronellal (CITA; 1.27%), Citronellol (CITO; 17.81%), Dodecanal (DOD; 27.74%), Ethyl Phenyl Acetate (EPA; 4.93%), Geraniol (GER; 21.25%), Heptanal (HAL; 0.07%), Isoamyl Acetate (ISO; 0.03%), Methyl Anthranilate (MAN; 12.65%), Propanol (PRO; 0.07%), Terpinen-4-ol (TER; 15.97%), Trans-2-hexenylacetate (TRA; 0.16%), Menthol (MEN; 10.35%), and Octanal (OCT; 0.14%). All odorants (Sigma-Aldrich®) were diluted in mineral oil to achieve an approximate gas-phase partial pressure of 1 Pa. They were presented in 15 ml flasks (opening diameter: 1.7 cm; height: 5.8 cm; filled with 5 ml solution) and were absorbed on a scentless polypropylene fabric (3 × 7 cm; 3M, Valley) to optimize evaporation and air/oil partitioning.
Procedure
All participants' olfactory abilities were screened (see the Olfactory assessment below), following which they completed a questionnaire on age, gender, satiety level (scale from 1 for "not at all hungry" to 9 for "extremely hungry"), and educational level (number of years of education). Then the experimenter fitted the participant with the peripheral nervous system recording equipment. Once autonomic nervous system measures stabilized, odor trials were initiated. Participants were informed that they were going to smell several odors one after the other, and that each trial would begin with an auditory instruction, "Please prepare to sniff" followed by a countdown, "3, 2, 1, sniff." They were instructed to sniff each flask for as long as it was presented, not to move, and to look straight in front for the following 60 s. At the end of each trial, they were asked to rate the pleasantness, intensity, familiarity, and edibility of each odor on a 9-point scale ranging from 1 = "not at all pleasant," "not at all intense," "unknown" or "not edible" to 9 = "very pleasant," "very intense," "very familiar" or "very edible" (see Figure 1 for a typical trial). Odorants were presented by the experimenter 1 cm below the subject's nose for 3 s, in randomized order. The inter-stimulus interval was 90 s. Each odorant was presented twice. Thus, in total, each participant received 36 olfactory stimuli and physiological acquisition lasted approximately 55 min.
Physiological parameters
Six physiological parameters were simultaneously and continuously recorded and displayed during the experiment: skin conductance (SC), Facial Corrugator Electromyogram (EMG), Finger Pulse Frequency (FP), Skin temperature (ST), Abdominal Respiration (AR), and Sniffing (SN) (Figure 1 ). All parameters were sampled and recorded at 256 Hz. Data were converted and amplified via an 8-channel Procomp+ amplifier (Thought Technology, Montreal, Canada), and displayed, stored, reduced and analyzed off-line.
Facial EMG, expressed in microvolts (μV), was measured using miniature Ag/AgCl electrodes (diameter: 0.8 cm) placed on the corrugator muscle after cleaning the skin with alcohol. The electrodes were filled with electrode paste and attached by adhesive disks. EMG activity was measured on a PROCOMP+ amplifier (Thought Technology), with band pass filtered from 20 to 1,000 Hz. Data were reduced to EMG area under the curve, calculated during a time window of 10 s after odor diffusion. This time window was chosen in order to limit analysis to facial mimics induced by the olfactory stimuli.
Finger pulse frequency was measured using a photoplethysmographic probe (3.2 cm/1.8 cm, LED photodetector) placed on the thumb of the non-dominant hand. Data were reduced to pulse rate in beats per minute (bpm), and analyzed in the 60-s window after stimulus onset.
Changes in abdominal circumference associated with respiration were measured using a respiratory belt transducer (100 cm rest length, 10 cm maximum elongation, 3.5 cm width), responding linearly to changes in length. Data were reduced to respiratory frequency in cycles per minute (cpm), and analyzed in the 60-s window after stimulus onset.
Skin conductance, in microsiemens (μS), was recorded by 2 circular Ag/AgCl electrodes (diameter: 1 cm) placed on the third phalanx of the forefinger and middle finger of the non-dominant hand, according to previous recommendations (Dawson et al. 2007 ). Data were reduced to maximum amplitude, and analyzed in the 60-s window after stimulus onset.
Skin surface temperature (ST) was measured using a small ceramic-encapsulated metal-oxide semiconductor (9.5 mm length, 2 mm diameter). The thermistor, designed to operate from 0°C to 50 °C, was placed directly below the axilla. Data were reduced to mean skin temperature, and analyzed in the 60-s window after stimulus onset.
One important aspect of the experimental procedure was synchronization of odorant perception with physiological recording. Sampling instructions, odor presentation, sniffing and physiological recording were all time-locked via a single central computer. This was done by recording intra-nasal sniffing continuously during the experimental session, using an airflow sensor (AWM720, Honeywell, France) connected to a nasal cannula positioned in each nostril. The sniffing signal was amplified and digitally recorded at 256 Hz using LabVIEW software. This measurement was used to define the onset of each physiological trial and as a measure of interest in later analysis (i.e., comparing sniffing parameters across odorant conditions). For the first inhalation following stimulus onset, inspired volume, sniff duration, and maximum sniff amplitude were calculated for each sniff and each participant (Figure 1 ). Both volume integration and sniff duration ended at the first data point at which the sniff returned to zero flow.
Olfactory and nutritional assessments
Participants were screened for odor detection and odor identification ability using the European Test of Olfactory Capabilities (ETOC) (Thomas-Danguin et al. 2003; Joussain et al. 2016 ). The ETOC is based on 16 blocks of 4 flasks. Only 1 flask per block contains an odorant, while the 3 other flasks contain a solvent-non-odorized mineral oil. For each block, participants are asked first to detect the flask containing the odor, and then to identify the detected smell. Identification is assessed by a multiple-choice procedure in which participants select the correct descriptor from 4 alternatives, the list of 4 descriptors being different for each stimulus. Importantly, only odors that had been correctly detected during the detection task were taken into account when calculating the identification score, thus reducing the probability of fortuitous correct identification.
The Mini-Nutritional Assessment (MNA) (Guigoz et al. 2002 ) questionnaire was filled out with the examiner asking the questions, recording participants' responses and taking measurements. MNA is a simple, non-invasive, validated screening tool for malnutrition in elderly persons, detecting risk of malnutrition and describing life-style characteristics. It is an 18-item questionnaire comprising anthropometric measurements (BMI, mid-arm and calf circumference) combined with questions on dietary intake (self-reported weight loss, number of meals consumed, food and fluid intake, and feeding autonomy), a global assessment (lifestyle, medication, mobility, presence of acute stress and of dementia or depression), and a self-assessment (self-perception of health and nutrition). Each item is scored 0 to 1, 2, or 3 depending on the item: BMI and weight loss are scored 0-3 and thus have more weight than food/fluid/medication intake that are scored 0-1. Summing up the 18 item scores provides a total score ranging from 0 to 30, which gives indications about the nutritional status of the respondent, with the higher score (range 24-30) indicating normal nutritional status, middle-range score (17-23.5) indicating risk of malnutrition, and low score (less than 17) indicating malnutrition. As some items were very specific of old age (mobility, independent life, medication, bed sores, feeding autonomy), a MNA score without these 5 items was also computed for each participant and used in the young/old comparison.
Analyses
As a first step, we conducted confirmatory analyses across odorants to check the relationship between odor perceptual ratings (intensity, pleasantness, familiarity, and edibility) and physiological responses. For each odorant, the average response was computed from the 2 odor presentations for each participant, and then the mean was calculated across all participants for each perceptual judgment and each physiological response. Then, correlation analyses between each perceptual parameter and each physiological response were performed.
The second step was the main analysis, consisting of intra-individual analysis of correlations between each individual's perceptual ratings (edibility, pleasantness, familiarity, and intensity) and physiological measurements. Regressions between individual MNA scores and individual r-values (obtained in the correlations cited above between perceptual ratings and physiological measures) were performed for the whole group of participants and then in young and old subjects separately.
When a significant effect was observed, the analysis was followed by Bonferroni correction for multiple statistical comparisons. Because 4 analyses were performed within each physiological response (1 physiological parameter against 4 different perceptual ratings), the level of significance was set at P < 0.0125. All statistical analyses were performed using StatView software. EMG data from 4 young and 4 old participants and sniff recordings from 1 old participant could not be used because of technical problems in data acquisition.
Results
Analysis of questionnaire data showed there was no significant difference between young and old participants (mean ± SD) for MNA score Regarding psychophysiological data, the confirmatory analyses across odorants showed a nearly significant negative relationship between odor pleasantness and EMG activity (r = 0.57, P = 0.0128), with higher corrugator EMG activity in response to unpleasant smells (Figure 2a) . Positive relationships were observed between odor pleasantness and sniff duration (r = 0.69, P < 0.002), sniff max flow (r = 0.67, P < 0.003), and sniff volume (r = 0.79, P < 0.0001) (Figure 2b-d) . Positive relationships were also observed between odor edibility and sniff duration (r = 0.66, P < 0.004), sniff max flow (r = 0.59, P < 0.010), and sniff volume (r = 0.76, P < 0.0003). Other correlation analyses between perceptual and peripheral responses to odors did not show significant relationships. To sum up, unpleasant and non-edible odors induced larger defensive physiological responses (larger corrugator EMG and weaker sniffing activity) than pleasant odors.
To examine whether these correlations were found in all individuals, a descriptive statistical analysis was performed on individual r-values obtained from the correlation between odor pleasantness and corrugator EMG, and between odor pleasantness and sniffing parameters. This analysis revealed wide variation between individuals: (i) for corrugator EMG activity, 69% of the participants showed negative correlation with odor pleasantness ( Figure 3a) ; (ii) for sniff duration, sniff max flow rate and sniff volume, 62, 64, and 79% of the participants showed positive correlation with odor pleasantness, i.e. reduced sniffs for unpleasant odors (Figure 3b-d) .
To explore whether these psychophysiological variations were associated with the nutritional status, regression analyses were performed between individual psychophysiological r-values (predictor variable) and individual MNA scores (dependent variable). This analysis revealed a significant prediction of MNA scores by corrugator EMG/odor pleasantness correlation (F[1,31] = 8.439, P = 0.0068; R 2 = 0.22) (Figure 4a ). Other regressions between peripheral odor responses and MNA were not significant. Namely, the more appropriate the physiological response to odor unpleasantness (i.e., the stronger negative correlation between pleasantness and EMG response), the better the nutritional status (i.e., the higher the MNA score).
Analyzing young and old subjects separately showed that the prediction remained significant in old (F[1,15] = 11.621, P = 0.0042; R 2 = 0.45) but not in young participants (F[1,15] = 0.630, P = 0.4406; R 2 = 0.04) (Figure 4b ). The same analyses performed with a slightly different MNA score, calculated without the items specific to the elderly population (see Olfactory and nutritional assessments), yielded the same conclusions (old individuals: P < 0.007; young individuals: P > 0.450). Thus, the old individuals with the more negative correlation between corrugator EMG activity and odor pleasantness were those with higher MNA scores. Finally, the results remained the same when the 3 participants with olfactory deficits were excluded (old individuals: P < 0.050; young individuals: P > 0.540).
Discussion
Smells evoke strong psychophysiological responses. These peripheral markers may provide salient emotional information about environmental objects such as food, and can consequently influence food selection and nutritional status. The aim of this study was to test this hypothesis by exploring the relationship between physiological responses to odors and nutritional status, and by comparing this relationship in young versus old subjects.
The initial confirmatory analysis showed that facial corrugator EMG activity increases when aversive or disgusting smells are perceived, consistently with other sensory modalities, and that sniffing activity decreases with increasing unpleasantness. That the facial corrugator muscle responds to odor unpleasantness is clearly in agreement with previous studies in the visual modality, which suggested that corrugator facial activity varies with the reported pleasantness of visual images (Lang et al. 1993) . It is also in agreement with previous studies in the olfactory modality, which showed the same pattern (Jäncke and Kaufmann 1994) . This defensive behavior in response to an unpleasant odor seems to be present early in life, as shown by Steiner (Steiner 1979) , who observed typical facial responses to pleasant and unpleasant odors in newborns. Soussignan and colleagues (1997) showed that behavioral markers of negative emotion (disgust) discriminated perception of a pleasant (vanillin) from an unpleasant odor (butyric acid) from the first days of life. Moreover, the finding that perceived pleasantness correlates with sniff duration, volume, and max flow rate is also in agreement with other findings of a strong correlation between reported hedonic valence and olfactomotor responses (Frank et al. 2003; Johnson et al. 2006; Rouby et al. 2009; Joussain et al. 2013) . Sniffing behavior may thus have an adaptive value, protecting the individual from possibly harmful substances: sniffs with reduced duration and volume decrease the amount of inhaled odor, thus limiting the organism's exposure to a potential threat. Similar reduction of stimulus input when the stimulus is harmful has been shown in other sensory modalities [e.g., defensive responses such as blinking in response to bright light or tactile stimulation of the eye (De Visser 1980) ]. Moreover, stimuli with high ecological value, such as disgusting smells, might be processed more quickly (shorter sniff duration) than stimuli with lower survival value. Such faster processing of threatening stimuli has been shown in studies in olfaction (Bensafi et al. 2002; Bensafi et al. 2003; Jacob and Wang 2006) and other sensory modalities [e.g., emotional face processing (Calvo et al. 2006) ].
Thus, at group level, the present findings indicate that the odors induced the expected physiological responses, at least with regards to facial corrugator EMG response and sniffing activity. However, analyses at individual level revealed large variation in terms of physiological response to pleasant and unpleasant odors: whereas physiological responses were strongly related to verbal emotional reports in the majority of subjects, they were unrelated in some individuals. An important question is whether this has an impact on behavior involving odor processing, in terms of health and wellbeing, including food-related choices and behavior. We examined whether this variation in odor psychophysiological patterns predicted individual nutritional status. It was observed that participants, and especially old subjects, whose odor perceptual ratings were disconnected from odor physiological reactivity were also those who had the poorest nutritional status. This was the case regardless of whether 3 anosmic individuals (2 elderly and 1 young participant) were kept or excluded from the analyses. In the emotion domain, corrugator EMG responses are an index of somatic and emotional state activation. The somatic marker hypothesis proposes that decision-making is a process that depends on emotion. Particularly, it has been shown that the brain structures involved in generating peripheral responses to emotional events (punishment, fear conditioning, and reward) are also necessary for correct use of the somatic signals guiding decisions advantageously (Bechara et al. 1999) . In another study, Denburg and colleagues (2006) showed that elderly individuals impaired on a decision-making task failed to demonstrate anticipatory skin conductance response for advantageous versus disadvantageous choices, suggesting that poor decision-making abilities may arise from an abnormal somatic response generated in anticipation of a future event. In this study, the inappropriate corrugator EMG responses to aversive or disgusting odors in old subjects may thus have been related with reduced ability to guide decisions appropriately, for example by judging or categorizing an odorant incorrectly (i.e., perceiving non-food and disgusting odors as food-related or pleasant), and could have deleterious consequences for food selection and nutritional intake.
We note that this relationship was specific to the old group, despite the lack of differences in olfactory abilities between the old and the young participants. This is consistent with the notion that olfactory emotion recognition (i.e. rating or categorizing odors as pleasant, unpleasant or disgusting) is dissociable from olfactory acuity (detection and identification), and implies that the neural mechanisms involved in these processes might also be separable. A comparable discrepancy between facial emotion recognition and visuospatial abilities in the elderly is found in the visual modality (Sullivan and Ruffman 2004; Suzuki et al. 2007) . We however note an interesting difference between the 2 modalities. Previous studies of recognition of facial expressions in the elderly have consistently reported age-related decline in emotion recognition, but with an exception of disgust recognition, which seems to be preserved (Calder et al. 2003) or even improved (Suzuki et al. 2007; Ruffman et al. 2008) in the elderly. Investigating and comparing the relationships between disgust perception in olfactory versus other sensory modalities remains to be addressed directly in future studies.
One question that may be raised is why this relationship was specific to old participants, and not observed in young subjects. Analysis of the questionnaire and olfactory screening data revealed that neither satiety level, educational level nor olfactory abilities (detection and identification) could account for the observed difference, since the 2 groups did not differ on these parameters. A factor that might explain this difference is that nutrient and food selection is context-dependent and influenced by multiple determinants, including sensory, psychophysiological, individual, social, and cultural factors (Rozin 1980) . One possible hypothesis is that the above determinants may not have the same weight at different stages of life, and that, with aging, the role of somatic and physiological factors may become more prominent in food selection processes. If old subjects fail to generate proper physiological responses to food cues (odors, tastes), then the chances of choosing appropriate food will be lower, whereas such failure is more likely to be compensated by other factors in younger people. Our study was unfortunately not designed to explore these sensory, cognitive, and social determinants, and this hypothesis is only a speculation requiring further testing and validation.
Some limitations of the present investigation are the betweengroup cross-sectional design, correlational nature of the findings, and relatively small size of our sample. We showed an age-related effect, i.e. relationship between appropriateness of physiological responses to odors and nutritional status, by comparing a group of younger and older people. It would be important to observe the evolution of this relationship in a longitudinal study, by following the same group of young subjects over the years and monitoring whether the relationships between perceptual and psychophysiological responses to odors change over time, and how these changes affect the nutritional status. Furthermore, our findings are correlational in nature, and as such, preclude inferences on the causality of the relationships reported here. Lastly, the sample size, i.e. 20 participants in each group, is modest. However, multiple physiological recordings obtained here require complex data processing and analyses, and comparable sample sizes are not uncommon in the psychophysiological research. Previous studies, together with ours, demonstrate a reasonable reliability of findings based on such sample sizes.
In summary, our heritage of omnivores predisposes us to react to the taste and the smell of foods with either negative emotional reactivity or interest; through particular physiological reactions it predisposes us to associate a food with the delayed consequences of ingestion (Rozin et al. 1986) , to the extent that as early as infancy and childhood we can avoid aversive chemosensory stimuli and look for positive ones. For example, disgust, recognized as a basic emotion by Darwin, is manifested by peripheral reactivity including specific motor facial expression manifesting revulsion. This emotion is defined as an emotional state related to food and in particular to the perspective of incorporating orally a repulsive object (Rozin and Fallon 1987) . As said above, infants display-without learning-this facial expression to bitter stimulation (Steiner 1979) , and many animals react to bitterness in a similar manner (Berridge 2000) . This early facial expression of disgust is observed not only for tastes, but also for odors typically disgusting for adults (e.g., butyric acid) (Soussignan et al. 1997) . Adults also exhibit typical motor facial responses in reaction to disgusting odors (Bensafi et al. 2002b ). In our study, we asked whether these peripheral markers in response to aversive odors may provide relevant information about food, and whether they can influence nutritional status during adulthood and aging.
In conclusion, we showed the relationship between subjective ratings and peripheral responses to odors to be highly variable from an adult individual to another. Furthermore, this variation in perceptual/physiological pattern predicted individual nutritional status in older but not younger subjects: those who had appropriate physiological responses to unpleasant and disgusting odors (namely increased corrugator EMG activity) were also those who had better nutritional status. Taken together, these findings suggest that appropriate functioning of somatic markers in response to odors during normal aging is associated with better nutritional status, probably facilitating healthy food selection in the elderly.
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